Abstract Folate may influence breast cancer development and progression through its role in one-carbon metabolism. However, epidemiologic data on the relation between folate and breast cancer survival are limited. We investigated whether dietary folate intake was associated with survival in 3,116 women diagnosed with breast cancer in the population-based Swedish Mammography Cohort. Participants completed a 67-item food frequency questionnaire in 1987. Cox proportional hazard models were used to calculate hazard ratios (HRs) and 95% confidence intervals (95% CIs) for death from breast cancer and death from any cause. During 25,716 person-years of follow-up from 1987 to 2008, there were 852 deaths with 381 breast cancer deaths. Dietary folate intake was inversely associated with breast cancer and overall mortality. Women in the highest quartile of folate intake had a multivariable HR (95% CI) of death from breast cancer of 0.78 (0.58-1.03) compared to those in the lowest quartile (P trend = 0.03). The corresponding HR (95% CI) for death from any cause was 0.79 (0.66-0.96; P trend = 0.004). The protective association between dietary folate intake and breast cancer death was strongest among those with ER-negative tumors (HR = 0.42; 95% = CI 0.22-0.79; P trend = 0.01) comparing the highest to lowest quartile. Our findings suggest that folate intake before breast cancer diagnosis may improve breast cancer and overall survival. While these findings need to be confirmed in future studies, they do offer assurance that dietary folate intake at the levels observed in our population does not unfavorably affect survival after breast cancer.
Introduction
The association between dietary factors and the development of breast cancer has been extensively studied, but less is known about how dietary factors may influence breast cancer survival. Previous observational studies of diet and mortality among women with breast cancer have primarily examined macronutrients, reporting inconsistent results [1] .
Folate, a water-soluble B vitamin, has been hypothesized to influence breast cancer development and progression through its role in one-carbon metabolism. Inadequate folate intake may lead to disturbances in the one-carbon metabolism pathway causing alterations in DNA and RNA methylation as well as disruption in DNA integrity and repair [2] , all of which are critical factors in carcinogenesis and may influence cancer survival. However, to our knowledge, breast cancer-specific survival in relation to folate intake has been examined only as a secondary endpoint with these studies reporting that a higher dietary folate intake was associated with a non-significant decreased risk of breast cancer-specific mortality [3] [4] [5] . No studies have explored whether the association between folate intake and breast cancer-specific survival is modified by hormone receptor status. The primary endpoint in previous studies examining folate intake and survival among breast cancer patients has been all-cause mortality [3] [4] [5] [6] [7] . The majority of these studies have reported a non-significant inverse association between folate, measured both pre-and postdiagnosis and all-cause mortality [3, 5, 7] , while one study reported a significant inverse association between prediagnostic dietary folate and all-cause mortality [4] .
The aim of this study was to investigate whether prediagnosis dietary folate intake was associated with breast cancer-specific mortality and all-cause mortality among women diagnosed with invasive breast cancer in the population-based Swedish Mammography Cohort (SMC). We also examined whether the association between folate and survival differed by hormone receptor status, alcohol consumption, body mass index (BMI), and disease stage at diagnosis.
Materials and methods

Study population
This study included 3,116 participants in the Swedish Mammography Cohort with invasive breast cancer diagnosed from 1987 to 2008. Recruitment and characteristics of this cohort have been previously described [8] . In brief, the SMC is a population-based cohort of 66,651 women born between 1914 and 1948 that were recruited between 1987 and 1990 in Västmanland and Uppsala counties in central Sweden. Participants completed a baseline questionnaire with questions regarding diet, reproductive and other factors. In 1997, a second questionnaire was extended to include dietary supplements and physical activity and was sent to participants who were still alive and residing in the study area; 39,227 (70%) women returned this questionnaire. Those with an incorrect or missing national registration number, previous cancer diagnosis (except non-melanoma skin cancer) and implausible total energy intake (3 standard deviations [SD] from the mean value for log e -transformed energy intake) were excluded from the baseline cohort. Completion and return of the self-administered questionnaire were treated as informed consent of study participants. The study was approved by the ethics committees at the Uppsala University Hospital and the Karolinska Institutet.
Histologically confirmed incident invasive breast cancer cases were ascertained by linkage of the study cohort with Swedish Cancer registers. These registers have been estimated to provide almost 100% complete case ascertainment [9] . Estrogen receptor (ER) and progesterone receptor (PR) status and other clinical characteristics were obtained by reviewing pathology laboratory works logs from Uppsala University Hospital and by linking with the clinical database at the Regional Oncology Centre in Uppsala. Estrogen and progesterone receptor status, menopausal status at diagnosis, tumor size, grade, lymph node involvement, and type of treatment were available for approximately 77% of the cases. More detailed information on the evaluation of hormone receptor status in this cohort has been described previously [10] .
Dietary assessment
Diet was assessed using a 67-item food frequency questionnaire (FFQ) at baseline and a 96-item FFQ in 1997. Participants were asked how often, on average, they had consumed each food item or beverage during the previous 6 months (1987) or year (1997) . Eight responses were possible, ranging from never or seldom to four or more times per day. Dietary folate intake was calculated as the frequency of consumption of each food item multiplied by its folate content per age-specific serving using food composition values obtained from the Swedish National Food Administration Database [11] . The FFQ has been previously validated among 129 participants with correlation coefficients between the questionnaire and four 1-week dietary records of 0.5 for dietary folate (A Wolk, unpublished data, 1992). Nutrient intakes were adjusted for energy using the residual method [12] .
Outcome assessment
Date of death was identified through linkage to the Swedish National Death Registry at Statistics Sweden. It is estimated that 93% of all deaths in Sweden are reported within 10 days and 100% are reported within 30 days [13] . Cause of death was determined by International Classification of Diseases (ICD) codes (ICD9 and ICD10) through linkage to the Cause of Death Registry at the National Bureau of Health and Welfare.
Statistical analysis
Cox proportional hazard models with time since diagnosis in months as the time scale were used to calculate hazard ratios (HRs) and 95% confidence intervals (95% CIs) for death from breast cancer. Participants contributed persontime from the date of breast cancer diagnosis until death from breast cancer (primary endpoint), death from another cause or end of follow-up on December 31, 2008. Secondary analyses were conducted with death from any cause as the endpoint. Baseline diet (1987) was considered the exposure in all analyses except when dietary change was examined. Those with folate intake of 3 SD from the mean value were excluded. Folate intake was categorized in quartiles with the lowest quartile as the reference group. Total caloric intake and age at diagnosis were included in all models.
Education level, marital status, menopausal status at diagnosis, BMI, alcohol intake, and calendar year of diagnosis were considered potential confounders in all multivariable models. Parity, age at first birth, oral contraceptive use, postmenopausal hormone use, height, and family history of breast cancer were not observed to be confounders in the study population and therefore were not included in the final models. Categories were created for missing data. Additional multivariable models were adjusted for the following clinical characteristics: stage, grade, radiation treatment, and chemotherapy/hormonal therapy. Additional adjustment for the clinical covariates tumor size and number of positive lymph nodes did not further alter the effect estimates thus were not included in the final models. Tests for linear trend were performed by assigning the median value of each quartile to each participant in that group. In addition, we used restricted cubic splines to examine the possibility of a non-linear relation between folate intake and mortality.
We examined whether the association between dietary folate and breast cancer survival differed by hormone receptor status, alcohol consumption, BMI, disease stage at diagnosis, or time between dietary assessment and breast cancer diagnosis with a likelihood ratio test comparing the model with the cross-product term between folate and each potential effect modifier to the model with main effects only. All tests of statistical significance were two-sided, and statistical analyses were performed using SAS Version 9.2 (SAS Institute Inc., Cary, NC) and Stata (StataCorp, College Station, TX).
Results
During 25,716 person-years of follow-up contributed by 3,116 breast cancer cases, there were 852 deaths with 381 deaths from breast cancer. The mean (± SD) age at diagnosis was 65 years (± 10.3), and the median follow-up time was 7.3 years (range 1 month-21.8 years). Dietary assessment occured a median of 10.6 years before breast cancer diagnosis (range 1 month-21.8 years).
The mean folate intake was 219 lg/d (±42), slightly lower than the baseline value of 234 lg/d (±50) observed in the full cohort [14] . The main sources of dietary folate in the study population were bread, leafy green vegetables, and citrus fruits. The distribution of participant characteristics in each quartile of folate intake is shown in Table 1 . Breast cancer stage, grade, treatment, tumor size, number of positive lymph nodes, and hormone receptor status were all associated with breast cancer mortality in age-adjusted analyses (results not shown).
Dietary folate intake was associated with a decreased risk of breast cancer death (Table 2) . Women in the highest quartile of folate intake had an age-and energy-adjusted HR (95% CI) of death from breast cancer of 0.72 (0.54-0.96) compared to those in the lowest quartile (P trend = 0.009). Adjustment for education level, marital status, menopausal status at diagnosis, body mass index, alcohol intake, and calendar year of diagnosis slightly attenuated the inverse association (HR for top to bottom quartile = 0.76; 95% CI = 0.57-1.01); however, the trend was still significant (P trend = 0.02). Further adjustment for clinical characteristics (breast cancer stage and grade) and treatment did not alter the results (HR for top to bottom quartile = 0.78; 95% CI = 0.58-1.03; P trend = 0.03). We also observed a reduced risk of death from breast cancer in the third quartile of folate intake. When we examined the association using continuous folate, an increase in intake of folate of 100 lg/day was associated with a 23% reduced risk of death from breast cancer (95% CI 0.61-0.99). We found no evidence of non-linearity when using restricted cubic splines (P = 0.80). Results were similar when death from any cause was the outcome (Table 2) .
When the association between dietary folate and breast cancer death was stratified by hormone receptor status of the tumor, the protective association between dietary folate intake and breast cancer death was strongest among those with ER-negative tumors (Table 3) . Among women with ER-negative tumors, those in the highest quartile of dietary folate intake had a covariate-adjusted HR of 0.60 (95% CI = 0.33-1.09; P trend = 0.09) and a covariate and clinical characteristics adjusted HR of 0.42 (95% CI = 0.22-0.79; P trend = 0.01) compared to women in the lowest quartile. The corresponding covariate-and clinical characteristicsadjusted HR for ER-positive breast cancer was 1.04 (95% CI = 0.66-1.64; P trend = 0.59). However, the P-value for heterogeneity was not significant (P = 0.11). In addition, no heterogeneity was observed across PR status (P heterogeneity = 0.69). When numbers permitted, we also examined the data by joint ER/PR receptor status. Dietary folate intake appeared to have a significant inverse association with breast cancer death among women whose tumors lacked both estrogen and progesterone receptors when comparing those in the third quartile to those in the lowest quartile (covariate and clinical characteristics adjusted HR of 0.34; 95% CI = 0.15-0.75; P trend = 0.07), while no significant association was observed for tumors with both estrogen and progesterone receptors (Table 3) . However, these results were based on small numbers, and no heterogeneity was observed across tumor subtypes (P heterogeneity = 0.27). When the data were stratified by quartiles of time between dietary assessment and breast cancer diagnosis, an inverse association was observed between dietary folate intake and breast cancer death for all quartiles except for the first quartile (0-\4.9 years) where no association was observed; however, the test for heterogeneity was not significant. The association between dietary folate intake and breast cancer death among all cases did not vary according to alcohol intake, BMI, or stage at diagnosis. In a sensitivity analysis that excluded women with stage IV breast cancer, results were not materially different than the main analysis (results not shown). We also adjusted for physical activity in the subset of women who completed the 1997 questionnaire and saw no change in the effect estimates.
We examined dietary change following breast cancer diagnosis among the 717 breast cancer cases who were diagnosed with breast cancer from 1987 to 1996 and completed an FFQ in 1997 after their breast cancer diagnosis. Over 75% of these women remained in the same or adjacent quartile of folate intake following breast cancer diagnosis and 25% reported the use of multivitamins which was identical to multivitamin use observed in the full cohort [15] . Among this subset of women, there were 184 total deaths and 62 breast cancer deaths. Those in the highest quartile of postdiagnosis folate intake had a covariate-adjusted hazard ratio HR (95% CI) of death from any cause of 0.75 (0.50-1.14) compared to those in the lowest quartile (P trend = 0.17). When breast cancer-specific mortality was examined, the corresponding HR (95% CI) was 0.83 (0.39-1.78; P trend = 0.64); however, these results were based on small numbers. 
Discussion
In this prospective study among 3,116 women with breast cancer, dietary folate intake was inversely associated with breast cancer-specific and overall mortality. In addition, the protective association between dietary folate intake and breast cancer death was strongest among those with ERnegative tumors. Few epidemiologic studies have explored the relation between dietary folate intake and all-cause and breast cancer-specific mortality, and to our knowledge, none have examined the association by hormone receptor status. Overall, most previous studies have shown a suggestion of an inverse association between dietary folate and all-cause mortality and breast cancer-specific mortality. Three studies have examined pre-diagnosis dietary intake [4, 5, 7] and two examined postdiagnosis intake [3, 6] . Our results regarding total mortality are most consistent with a small study in Orange County, California, which observed a statistically significant inverse association between dietary folate intake assessed 1 year prior to breast cancer diagnosis and all-cause mortality (n = 96 total deaths; RR for the third vs. first tertile = 0.34; 95% CI = 0.18-0.67; P trend = 0.0006), but no association with total intake (including folic acid from supplements). The authors reported similar, but non-significant, associations with breast cancer-specific mortality but had limited power with only 41 breast cancer deaths [4] . In the Long Island Breast Cancer Study Project, dietary folate assessed in the year before the interview (primarily prediagnostic) was nonsignificantly inversely associated with breast cancer-specific mortality (n = 124 breast deaths; RR for high vs. low intake = 0.81; 95% CI = 0.47-1.39; P trend = 0.44) and with all-cause mortality (n = 198 total deaths; RR for high vs. low intake = 0.79; 95% CI = 0.52-1.12; P trend = 0.28) [5] . Among women who received chemotherapy as first course of treatment in the Iowa Women's Health Study, dietary folate was also non-significantly inversely associated with all-cause mortality (n = 80 total deaths; RR for third vs. first tertile = 0.85; 95% CI = 0.38-1.91) and a comparable association was observed with total folate [7] . Similarly, the Nurses' Health Study, which examined postdiagnosis dietary and total folate intake, reported a non-significant inverse association between total mortality and dietary folate intake (n = 378 total deaths; RR for fifth vs. first quintile = 0.82; 95% CI = 0.59-1.14; P trend = 0.43) and a similar association with total folate. In addition, they reported that breast-cancer-specific mortality results were substantively the same [3] . Most recently, Saquib et al. [6] reported that among women with breast cancer total folate intake above the recommended upper limit was not significantly associated with lower overall mortality. However, many of the studies may have been underpowered to detect a statistically significant association. We had twice as many total deaths as well as more breast cancer deaths than any of the previous studies providing us with ample power to examine these associations between all breast cancer cases as well as separately by subtypes of breast cancer defined by hormone receptor status. Folate has been hypothesized to influence carcinogenesis through its role in the one-carbon metabolism pathway. Diets low in folate may result in impaired DNA biosynthesis and methylation which can result in proto-oncogene activation as well as chromosome rearrangement and instability, all of which may promote cancer development [16] . The role folate plays in cancer progression is less clear. Studies in animal models of colorectal cancer have demonstrated that high levels of folate supplementation may promote the growth of existing tumors because when neoplastic cell division is occurring at rapid rate low levels of folate may cause ineffective DNA synthesis and thus reduced tumor growth [17, 18] . However, in rats with MNU-induced mammary tumorigenesis, Kotsopoulos et al. [19] reported that while dietary folate deficiency suppressed the progression of established tumors, dietary folate supplementation did not promote the progression of these tumors. In contrast, we observed a decreased risk of breast cancer-specific and overall mortality with increasing dietary folate intake. The average folate level in our population was low (219 lg/d) which did not allow us to examine the folate intake at the levels that are hypothesized to promote tumorigenesis. In addition, in our primary analyses, folate intake was measured pre-diagnosis so we cannot rule out the possibility that the timing of the measurement may have influenced our results. In individuals not exposed to population-wide folic acid supplementation, as in our study population, the major sources of dietary folate include leafy green vegetables and citrus fruits. Thus, higher folate intakes in non-supplemented populations may be an indicator of an overall healthy diet and lifestyle which itself could impact survival.
The association between folate intake and the development of ER-positive and ER-negative tumors has been inconclusive [14, [20] [21] [22] [23] , and to our knowledge, we are the first to examine whether the association between folate intake and survival differed by hormone receptor status. We observed that the association between dietary folate and breast cancer survival varied by hormone receptor subtype with the strongest inverse association between women with ER-negative tumors, although the p-value for heterogeneity did not reach statistical significance. These results are in contrast to laboratory studies which have demonstrated that the demethylation of the estrogen receptor gene can reactivate estrogen receptor gene expression in ER-negative breast cancer cells [24, 25] . We may have observed a stronger inverse association with dietary folate and breast cancer survival because ER-negative tumors are less responsive to hormonal therapies, and as a result, the influence of dietary factors on their progression may be more evident than for ER-positive tumors.
Limitations of our study need to be considered. First, for the majority of our participants, we only had a pre-diagnosis assessment of diet and thus had limited power to examine diet postdiagnosis during the follow-up period. Studies have shown that 30-40% of women report dietary changes following a breast cancer diagnosis, with the main changes being a decrease in meat intake and an increase in fruit and vegetable consumption [26, 27] . However, younger women were most likely to report these changes, and the average age at breast cancer diagnosis in our cohort was 65.1 years. In our study, 75% of women who completed an FFQ postdiagnosis remained in the same or adjacent quartile of folate intake following diagnosis. In addition, we were unable to calculate total folate intake in our population and supplement information was not available at baseline.
Dietary intake was assessed by participants using a selfadministered FFQ and was subject to measurement error. However, the FFQ has been previously validated with diet records with correlations of 0.5 for dietary folate (A Wolk, unpublished data, 1992). We expect that the errors in dietary assessment would likely cause an attenuation of the true effect. Additionally, residual or unmeasured confounding by physical activity or other dietary factors is a possibility. However, we adjusted for physical activity in the subset of breast cancer cases with this information and the association did not materially change.
Our study has several strengths. To our knowledge, this is the largest study to examine the association between dietary folate intake and mortality with 860 total deaths including 385 breast cancer deaths, which allowed us the power to examine breast cancer-specific mortality as well as how the association differed by tumor hormone receptor status. Strengths also include a prospective population-based cohort, nearly complete follow-up of all cases, long follow-up period, detailed information on diet, and data on many important covariates, including clinical and lifestyle characteristics.
In conclusion, our findings suggest that folate intake before breast cancer diagnosis may improve breast cancer and overall survival. While these findings need to be confirmed in future studies, they do offer assurance that dietary folate intake at the levels observed in our population does not unfavorably affect survival after breast cancer.
